Deletions of the AZFa region on the long arm of the human Y chromosome cause male infertility. Previous work has shown that this is an example of a genomic disorder, since most deletions are caused by non-allelic homologous recombination between endogenous retroviral elements (HERVs) flanking the 780 kb region. The reciprocal products of these deletion events, AZFa duplications, have not been reported to date. Here we show that duplication chromosomes exist in population samples by detecting Y-chromosomal short tandem repeat (YSTR) allele duplications within the AZFa region, and by showing that two chromosomes carrying these duplicated alleles contain a third junction-specific HERV sequence. Sequence analysis of these cases, which most likely represent independent duplication events, shows that breakpoints lie in the same region of inter-HERV sequence identity as do deletion breakpoints, and thus that the mechanism of duplication is indeed the reciprocal of deletion. Consideration of the accumulated Y-STR allele diversity between duplicated copies of the AZFa region indicates that one of the duplication chromosomes has been in the population for at least 17 generations, and therefore must be compatible with male fertility.
INTRODUCTION
Microdeletions of the long arm of the human Y chromosome represent an important cause of male infertility. Molecular analysis has defined three non-overlapping deletion intervals, named AZF (azoospermia factor) a, b and c (1). The most proximal and most rarely deleted of these intervals is AZFa, deletion of which leads most commonly to absence of germcells (Sertoli-cell only syndrome, SCOS). Two genes lie within the interval, namely DBY and DFFRY (also known as USP9Y), and observation of de novo deletions specifically affecting either DFFRY (2,3) or DBY (4) in milder oligozoospermic phenotypes suggests that both genes are critical and that there may be a synergistic effect in the more severe SCOS phenotype found in most AZFa-deleted individuals (5) .
Previously, we (6) and others (7) (8) (9) have shown that all (10/10) known AZFa microdeletions arise through non-allelic homologous recombination between two $10 kb human endogenous retrovirus (HERV) elements flanking the 780 kb AZFa region ( Fig. 1A and B ). This form of male infertility can thus be classed as a 'genomic disorder', in which the lesion arises because of structural features of the genome (10) .
Apart from $1.5 kb of L1 material inserted in the distal HERV copy (Fig. 1A) , the two directly oriented HERV elements share 94% sequence identity. However, the average degree of similarity varies markedly along the alignment of the two HERV elements (6) . We define four blocks with a length of identity greater than 200 bp, which are called here A, D, B and C (see Fig. 1A ). In mammalian cells, 200 bp is thought to be the minimum length of uninterrupted identity required for initiating homologous recombination in meiosis (also known as the minimal efficient processing segment, or MEPS) (11) . Although AZFa deletion breakpoints are not identical in all patients, they all cluster within blocks of complete identity (9) , which is the expected scenario if those identity blocks were providing the substrate for intrachromosomal recombination.
As well as their involvement in deletions, conversion-like events between the two HERVs have occurred, increasing the degree of identity between them (6), and in principle increasing the likelihood of HERV-sponsored rearrangements. The existence of a unique phylogeny of Y-chromosomal lineages (haplogroups) defined by binary, unique-event polymorphisms (12) , provides an evolutionary context to studies of such rearrangements, and allows the number of independent conversions (in this case, two) to be determined.
The reciprocal product of the commonest class of AZFa deletion is expected to be a HERV-mediated duplication (Fig. 1B) ; such duplications have not yet been described. Their *To whom correspondence should be addressed. Tel: þ44 1162523377; Fax: þ44 1162523378; Email: maj4@leicester.ac.uk Figure 1 . Structure of HERVs, mechanisms of rearrangement and detection of duplication using STRs. (A) Structures of the proximal and distal AZFa HERVs, showing blocks of identity larger than 200 bp (hatched boxes), flanking specific primers, and the L1 fragment insertion in the distal HERV. Identity blocks are named A-C (6), with the name D being assigned to a fourth block between A and B. Note that block C extends beyond the distal end of each HERV. AZFa STR loci and the positions of proximal-or distal-specific primers between blocks of identity are also shown. (B) Schematic representation of a recombination event giving rise to reciprocal deletion and duplication products. In the case of a duplication, the junction HERV can in principle be amplified by the PCR primers 146R and HPR. (C) Schematic representation of electropherograms arising from two STRs, one within and one outside the AZFa region. (D) Electropherograms showing duplicated, and duplicatedþmutated YSTR alleles found in this study. In the upper panels peak height for DYS389I (within AZFa) relative to DYS461 (outside AZFa, and here annotated as YA72) is elevated in case 2 compared with a control. DYS389II is duplicated and mutated in case 2 (two peaks). In the lower panels all loci are within AZFa, so duplicationþmutation of DYS439 (case 2) gives two 'half-height' peaks. Size of each peak in base-pairs is indicated. discovery would be of interest for three reasons: (i) it would confirm the expectation of the model for deletions; (ii) duplication chromosomes could represent intermediates for the generation of new HERV structures, for example by redeletion; and (iii) since males carrying duplications would possess extra copies of the genes within AZFa, they might have specific phenotypes in spermatogenesis.
The existence within AZFa of nine Y-chromosome-specific short tandem repeat loci (YSTRs), forming part of a polymorphic set used in population genetic studies (13) permits surveillance of population samples for duplications: after duplication, each AZFa YSTR will exist in two copies, while YSTRs outside the region remain as single copies, and detection of this difference in dosage when typing the STRs could signal the existence of the duplication. If a duplication persists through several generations, mutations are expected to accumulate in some AZFa YSTRs, differentiating the allele in one copy of the region from that in the other, and manifested as 'double alleles' at these particular loci (Fig. 1C) .
Here we describe a survey of 1200 Y chromosomes from populations of the Iberian Peninsula, and the finding of AZFa duplication chromosomes. In two cases, the amplification of a junction fragment has been possible as well as the definition of the breakpoints involved in the rearrangement between proximal and distal HERV sequences.
RESULTS

Evidence of duplication from Y-STR haplotypes
Duplications of the AZFa region were sought by looking for duplicated AZFa YSTR loci (Fig. 1 ) during a population study of 1200 males from the Iberian Peninsula (13, and further typings). Three chromosomes presenting possible duplicated and mutated alleles (i.e. double peaks) for DYS389II and/or DYS439 were identified (see Fig. 1D for an example). Finding of mutations in these loci, but not others in the same interval, is not unexpected, as their relative diversities imply considerable mutation rate heterogeneity: DYS439 has the highest diversity of the AZFa YSTRs, DYS389II, DYS437 and DYS438 have intermediate diversity, while DYS434-436 have very low diversity (13) . As an alternative to AZFa duplication, somatic STR mutation could also explain the finding of double peaks for one or more loci. However, the fact that double peaks are found in these cases only for YSTRs that lie within the AZFa region led us to further investigate the structure of these three chromosomes and try to confirm their potential AZFa duplications.
Nine commonly typed Y-STRs are known to lie in the AZFa region; six of these (DYS434-439) are coamplified in one multiplex, without any loci lying outside the region. AZFa duplication chromosomes in which STR mutations have not occurred cannot therefore be diagnosed using this multiplex. However, three AZFa YSTRs (DYS388, DYS389I and II) are coamplified with loci outside the AZFa region, and are therefore expected to show increased relative peak height in duplication chromosomes (see Fig. 1D for an example). Because the STR haplotyping method is not truly quantitative, identification of increased relative peak height is in practice more difficult than that of double peaks. Two further chromosomes were identified which showed reproducible evidence of AZFa duplication on these grounds, and these were also investigated further, along with the three chromosomes identified earlier. Table 1 shows the complete 19-locus YSTR haplotypes of all five candidate duplication chromosomes, which originate from widely dispersed locations in the Iberian Peninsula.
Junction HERV PCR confirms the presence of duplications
If AZFa duplicated chromosomes exist and represent the reciprocal product of HERV-mediated AZFa deletions, we expect them to contain three HERVs: the proximal and distal copies found in normal chromosomes, plus an additional junction HERV which will be a composite of the two original sequences (Fig. 1B) .
In order to verify AZFa duplication we first attempted to amplify the entire junction HERV using primers 146R and HPR (Fig. 1B) ; this was possible only in case 2. Failure to amplify this large ($10 kb) PCR product could reflect DNA quality, so we then attempted to amplify smaller predicted junction products using different combinations of primers specific for the proximal and distal HERV sequences (see Fig. 1 ). This yielded one further junction product (with primers Pp and Ld), in case 1. This therefore confirms the duplication for these two cases, and shows that the mechanism of duplication is HERVmediated. The two confirmed cases belong to two related but distinct Y-chromosomal haplogroups, differentiated by the binary marker M153 (Table 1) .
In the three remaining chromosomes, junction fragments could not be amplified. Without further evidence, it remains possible that these chromosomes do not carry AZFa duplications, and that their unusual YSTR patterns require other explanations. If they indeed do carry duplications of the AZFa region, their mechanisms may not be HERV-mediated.
Sequence structure of junction fragments
Sequence analysis was undertaken in order to illuminate the molecular mechanisms of duplication. To better define the breakpoint regions prior to sequencing, HERV junction structures in case 1 and 2 were determined by means of nested PCR using different combinations of proximal-and distal-specific primers (see Fig. 1A ). In both junction HERVs breakpoints were located between the proximal boundary of identity block A, and the distal boundary of block D. This region is flanked by PCR primers P and L, each of which exists in a proximal-(Pp, Lp) and distal-specific (Pd, Ld) version. Sequence analysis of the PL region was then performed for the proximal, distal and junction HERVs in the two confirmed AZFa duplicated chromosomes (Fig. 2) . The HERV sequences in the genome database derive from a Y chromosome (or Y chromosomes) about which we know very little. To provide a well-defined control with which to compare the duplicated chromosomes, we also determined proximal and distal PL sequences in an unduplicated chromosome, YCC26 (12); this chromosome was chosen because it belongs to the same subclade within the Y phylogeny as the two duplication cases, and is therefore more likely to reflect the sequence background on which the duplication(s) occurred than a chromosome chosen at random.
In the reference sequence, the 3360 bp PL region contains 61 paralogous sequence variants (PSVs), nucleotide positions that vary between the HERVs. Our sequencing analysis reveals no additional PSVs between the HERVs. Figure 2 shows each nucleotide present at the 41 most proximal of these positions.
Sequences from the proximal HERVs in cases 1 and 2 and in the haplogroup R1b control were identical to each other, but different from the reference sequence. Four positions (from nucleotide 1460 to 1496) exist not in the proximal-specific forms found in the reference, but in the distal form; this represents a short tract of conversion of the proximal sequence by the distal sequence, of between 36 and 75 bp in length. This tract does not increase the length of identity block A (two proximal-specific positions separate the two), but begins 6-30 bp distal to its distal boundary. The finding of this conversion in the unduplicated R1b control sequence suggests that it arose before duplication, and is not one of its consequences. This was confirmed by screening a set of phylogenetically diverse chromosomes including the YCC collection (12) for the presence of the PpQd PCR product, which is diagnostic for the conversion (data not shown): it is found in all chromosomes belonging to clade R1b, and nowhere else in the phylogeny (i.e. is monophyletic).
In the distal HERV sequences we found a difference between case 1 and all other sequences, which again represents an apparent conversion, this time of the distal sequence by the proximal (Fig. 2) . This conversion involves the first two nonidentical positions distal to identity block A; conversion could therefore have involved block A as well as the two diagnostic bases, so the length of the conversion tract is between 5 and 1289 bp.
The sequences of junction fragments in cases 1 and 2 are the same as each other. At the proximal end the sequence is identical to that of the distal HERV, and distal to identity block A it is identical to that of the proximal HERV, including the tract of conversion found in all R1b chromosomes. Thus, in each case, the breakpoint lies within identity block A.
DISCUSSION
The Y chromosome is haploid, and escapes for most of its length the reshuffling effects of allelic recombination. This greatly facilitates the study of genomic rearrangements such as duplications and deletions of large genomic regions and intrachromosomal gene conversion between paralogous repeats. In addition, the availability of a detailed and robust Y chromosome phylogeny provides an evolutionary context to these rearrangements, allowing the independence or nonindependence of such events to be recognized. There is no reason to suppose that similar events are not occurring throughout the genome, although they are likely to be disguised by diploidy, recombination and interallelic diversity.
The availability of YSTRs and their inclusion in population studies provides a convenient way of detecting deletions and duplications; this approach has also been applied to the detection of autosomal aberrations (14) , using STR markers developed for whole genome scans. Currently used YSTRs are highly non-randomly distributed on the chromosome (13), but as the number of available YSTRs increases, further deletions and duplications will be detected, and a less biased understanding of the organization and dynamics of this most flexible of human chromosomes will emerge.
We have demonstrated for the first time duplications of the AZFa region in two chromosomes. The sequences of the breakpoints show that both duplications were mediated by nonallelic homologous recombination between the HERVs flanking the region, and that exchange has occurred within the largest uninterrupted block of identity between proximal and distal HERVs (block A). The majority (6/10) of breakpoints in HERV-mediated AZFa deletions also lie in this block (6) (7) (8) (9) , and this resemblance between deletion and duplication breakpoints strongly suggests that duplications are indeed generated as the reciprocal products of deletions.
Deletion of the entire AZFa region causes male infertility, manifested as absence of germ cells (Sertoli-cell only syndrome). The two candidate genes with the region both have highly similar X-linked homologues, and encode ubiquitously expressed proteins (although one of the DBY transcripts has been reported to be expressed specifically in testis) (4) . The spermatogenesis-specific phenotype of AZFa deletion may therefore be dosage-based, and this raises the question of the phenotype of AZFa duplication, in which males have three, rather than two, doses of these XY-homologous genes.
Although we have confirmed the existence of duplications of the same region, we have no direct information on the phenotypes of carriers of the duplications, because samples had been anonymized and individuals were unavailable for further study. However, we can make some indirect inferences about phenotype by considering how long the duplications have been resident in the population: if they have existed for a number of generations, then the duplications cannot, at least, be associated with complete infertility. The accumulation of STR mutations between a pair of chromosomes originating from the same duplication event, or between copies of the AZFa region in a single chromosome, provides an indication of the age of a duplication event.
One of the confirmed duplication cases carries the M153 mutation (i.e. belongs to clade R1b6), and the other does not. The two duplications could share a common origin, in which case the M153 mutation occurred on a duplication chromosome background, and all R1b6 chromosomes should carry duplications. Although we do not have direct evidence for whether other R1b6 chromosomes are duplicated, >8% of an Iberian Peninsula sample in a previous study belonged to R1b6 (15) ; in our sample of 1200 chromosomes we would therefore expect to find $100 duplication chromosomes-a far greater number than we have observed. It is possible that the duplications within R1b6 have reverted, but this explanation is less parsimonious than the hypothesis that the two duplications have occurred independently.
Since the duplications in these two chromosomes are probably independent, comparing their haplotypes gives no information about the age of the duplications; however, the existence of STR mutations between the two copies of AZFa in case 2 suggests that this duplication has persisted for several generations. The age of the duplication was estimated by calculating the mean number of mutational steps between each of the AZFa duplicated haplotypes and a hypothetical ancestral haplotype (this is equivalent to the rho statistic calculated from a median joining network (16); see Materials and Methods). This figure, 1.5 mutations (with a standard deviation of 0.87), can be converted into a time in generations by dividing by the mean YSTR mutation rate (2.80 Â 10 À3 per locus per generation) (17) , yielding an age of 60 generations AE34 generations. If we factor in uncertainty over mutation rate (95% confidence interval limits, 1.72-4.27 Â 10 À3 ) (16), the plausible range extends to 17-153 generations. While dating methods such as this entail many assumptions and uncertainties, observations of YSTR haplotype transmissions in deep-rooting pedigrees provide some empirical support for the ranges that we estimate: the only verified STR mutations among nine loci typed in contemporary members of 2-10-generation pedigrees are single-step changes at single Figure 2 . Structure and sequence of junction HERVs in AZFa duplication chromosomes. The upper part shows schematic representations of the proximal, distal and junction HERVs, indicating blocks of identity and proximal-and distal-specific primers used for amplification of junction fragments. The lower part of the figure shows the nucleotide present at each of the 41 positions of paralogous sequence variants within the first 2452 bp of the sequenced part of the PL PCR product for each HERV (the remaining 20 positions within the PL region were identical to the relevant reference sequence, and have been omitted). Nucleotides given in white on black are distal-specific, and those in black on white are proximal-specific, as defined by the reference sequence ('Ref'). Numbers above the sequences give coordinates within the sequence: the nucleotide labelled '9' is equivalent to nucleotide no. 10316 on the plus strand of AC002992 for the proximal HERV, and to nucleotide no. 145759 on the minus strand of AC005820 for the distal HERV.
loci (18, 19) . We therefore think it likely that this duplicated chromosome has existed for at least 17 generations, and this is strong evidence that duplications of AZFa are compatible with reproductive ability.
A generous estimate of the incidence of AZFa deletions among men is $0.04%, since roughly 7.5% of men are infertile (20) , up to 25% of these are infertile due to deletion in the Y chromosome (21) and AZFa deletions are estimated to account for, at most, 2% (5) of these. In contrast, we have shown that the incidence of confirmed AZFa duplication is at least 0.17% in the Iberian Peninsula; that is, at least four times more frequent than AZFa deletions. These duplications can act as intermediates for redeleted structures which may resemble the products of gene conversion or double crossover between HERVs, such as the chromosomes described previously (6) , and our findings show that such complexity needs to be taken into account when modelling the evolution of paralogous direct repeats. Provided that the deletion and duplication mutations are equally likely to occur during meiosis, the relatively high frequency of AZFa duplications also supports the idea that men carrying them can father children.
The question of whether the fertility of duplication carriers is completely normal remains open, and careful genotypephenotype correlations, including semen analysis and testicular biopsy, are clearly desirable to investigate this. It is possible that duplication chromosomes are targets for positive, or negative, selection. In principle, direct assays for duplication, using PCR primers designed to amplify only from the junctionspecific HERV, could be used to screen both population samples and samples of men with unusual semen parameters. However, the evidence we have found for patchy gene conversion between HERVs means that apparent duplication chromosomes would need careful verification.
MATERIALS AND METHODS
DNA samples
Iberian DNA samples were from collections of the authors and are largely included in Bosch et al. (13) (see sources of potential duplication cases below); other samples of known binary haplotype were from the Y Chromosome Consortium (YCC) collection (12) .
STR haplotyping
Typing of 19 YSTRs was carried out within three multiplexes (MS1, DYS19, DYS388, DYS390, DYS391, DYS392 and DYS393; CTS, DYS434, DYS435, DYS436, DYS437, DYS438 and DYS439; and EBF, DYS385, DYS389, DYS460, DYS461, DYS462 and amelogenin) on an ABI377 sequencer as described (13) .
Haplotyping of binary markers
A number of binary markers were typed in the putative duplication chromosomes, but not all markers could be typed in all chromosomes, because amounts of DNA were limiting (see Table 1 ). 92R7 was typed according to Hurles et al. (22) , SRY-2627 according to Veitia et al. (23) , and PN25 by an allele-specific assay to be described elsewhere. M153 was typed by sequencing using the primers (5 0 -3 0 ) ACC CCG AAA GTT TTA TTT TA and GAC ACC AAT GGT CCT ATC TT.
Amplification of HERV sequences
PCR reactions were performed in a 10 ml final volume containing PCR buffer (24) supplemented with 12.5 mM Tris HCl, 1 mM each primer (HPF and HPR for proximal, 146R and 12f2B for distal and 146R and HPR for junction HERVs; sequences given below), 0.07 U Taq polymerase (Advanced Biotechnologies), 0.007 U Pfu DNA polymerase (Stratagene) and 10-50 ng of genomic DNA. Primer sequences (5 0 -3 0 ) were as follows: HPF, ATC ACA GGA ACA TCT CCA TGA; HPR, ACC TCA GAA GCA CCC TCC ATG G; 12f2B, GAA TTC CTA GAC TCA TGC AAT CTA C; 146R (also known as 494-146kP2) (6), ATG GCT TCA TCC CAA CTG AG.
PCR cycling conditions were as follows: 95 C for 5 min; 10 cycles of 94 C for 15 s, 60 C for 30 s, 66 C for 10 min; 25 cycles of 94 C for 15 s, 60 C for 30 s , 66 C for 10 min (þ20 s/cycle); final extension at 66 C for 15 min. PCR products were isolated from a 0.6% (w/v) agarose gel as a plug and soaked for 2 h at 37 C in 200 ml of water containing 5 ng/ml of herring sperm DNA (Sigma). Two microlitres of eluate were used as template for subsequent HERV-specific amplifications.
HERV structure
The gross structure of each HERV was determined by means of nested PCR using different combinations of proximal-specific (Pre, Lre, Q2p, sY83bf, sY83br, R and O) and distal-specific (Pd, Qd, Q2d, Ld, G, D and S) primers. PCR reactions were performed using the previously isolated HERVs as a template in the same reaction mix as described above except for the addition of herring sperm DNA (0.1 ng/ml).
PCR cycling conditions were as follows: 95 C for 5 min; 10 cycles of 94 C for 20 s, 57.5 C for 30 s, 68 C for 3 min; 15 cycles of 94 C for 20 s, 57.5 C for 30 s, 68 C for 3 min (þ20 s/cycle). Primer sequences (5 0 -3 0 ) were as follows: Pp, CAG CTG AAA CTA CTT CTT CAG TT; Lp (also known as 12f2L) (6): TTA ATT CAG CCC TCT GAG CG; sY83bF, CCA TCC TAC AAA AGA TCT AC; sY83bR, TGT CTA TCA ACT CAT AAT GC; R, GTG CTT TCC AAG CAT TTG GAA; O, GGA GAT CTG TGC AGG GTG AG; Pd, CAC CTG AAA CCA TTC TTC AGG C; Qd, CTC TTT TCT TTG GCC TCT GTG; Q2d, CTT CTT TTC CCC CAG TAA TGT A; Q2p, CTT CTT ATC CCT CAA TAA CGT G; Ld, TTA ATT CAG CCT TCG GAG CA; G (also known as 12f2G) (25) , GGA TCC CTT CCT TAC ACC TTA TAC; D (also known as 12f2D) (6), CTG ACT GAT CAA AAT GCT TAC AGA TC; S, CTC TTG GCA TCA GCT AAA GAC.
PCR products generated using Pp/d and Lp/d primers were purified from agarose gels using the Qiaquick extraction kit (Qiagen) and used as templates for sequencing.
Sequencing analysis
Sequencing reactions were performed using the ABI PRISM Big Dye terminator chemistry (version 2) according to the manufacturer's recommendations and analysed on a ABI3100 sequencer (Applied Biosystems). Additional primer sequences (5 0 -3 0 ) were as follows: PQ forw, GGA AGG CAT TGA ATA TCC ATA AC; PQ rev, GTT ATG GAT ATT CAA TGC CTT CC; QL forw, CTA TTC GCT GCC CCC AGG A; QL rev, TCC TGG GGG CAG CGA ATA G; UNIV, TTG TGG AGC CTA TGG TCT CTA T; PPQfor, TAA ATT GGA AAC AGC ATG CCC; PPQrev, GGG CAT GCT GTT TCC AAT TTA; PQQfor, ACC CTG GAC TTG TTA GAG GGT G; PQQrev, CAC CCT CTA ACA AGT CCA GGG T; QQL1rev, GTC CTC AGC CCA TAC ACC TG; QQL2for, GTG CAC AAG CCA AAT GGT G; QLLfor, GAC TTG GTG GCC TTA GGT TG; QLLrev, CAA CCT AAG GCC ACC AAG TC. Sequence traces are available from the authors on request.
Calculation of duplication age
The rho statistic (the mean number of mutations to the root of a network), including a standard deviation, was calculated using the program program Network 3.1.1.1 (16) . From this value an age in generations was calculated using the formula t ¼ r/m, and a mutation rate of 2.80 Â 10 À3 (95% confidence interval limits: 1.72-4.27 Â 10 À3 ) per locus per generation (17)-see the text.
